Newborn humans may develop myocardial dysfunction in conjunction with severe birth asphyxia. Subendocardial or papillary muscle ischemia appears to be the basis for the myocardial dysfunction, yet patent coronary arteries have been demonstrated in the nonsurvivors. The asphyxiated newborns also have experienced hypoxemia, which has been suggested a s the cause-of mvocardial ischemia. This studv was designed to determine the -relationship between reduced aortic blood oxygen content and blood flow a s well as oxygen delivery within different regions of the heart. Three days after surgery, we measured blood flow and oxygen delivery to the free walls and papillary muscles of the right and left ventricles, the ventricular septum, and the atria in 10 lambs, during 20-min periods in 8-10070 and 5-6% environmental oxygen concentrations. In each region of myocardium, blood flow increased linearly a s the aortic blood oxygen content decreased. The slopes of the regression lines were similar for each region of ventricular myocardium. Atrial myocardial blood flow also increased a s a linear function of the reductions in aortic blood oxygen content, but a t a slower rate than in the ventricular regions. Hypoxemia was associated with increased oxygen delivery in each region of myocardium, but the two variables were not related in a linear or quadratic fashion. The results demonstrate that isolated hypoxemia is associated with increased blood flow and oxygen delivery in the free walls and papillary muscles of the right and left ventricles, the ventricular septum, and the atria.
Summary
Newborn humans may develop myocardial dysfunction in conjunction with severe birth asphyxia. Subendocardial or papillary muscle ischemia appears to be the basis for the myocardial dysfunction, yet patent coronary arteries have been demonstrated in the nonsurvivors. The asphyxiated newborns also have experienced hypoxemia, which has been suggested a s the cause-of mvocardial ischemia. This studv was designed to determine the -relationship between reduced aortic blood oxygen content and blood flow a s well as oxygen delivery within different regions of the heart. Three days after surgery, we measured blood flow and oxygen delivery to the free walls and papillary muscles of the right and left ventricles, the ventricular septum, and the atria in 10 lambs, during 20-min periods in 8-10070 and 5-6% environmental oxygen concentrations. In each region of myocardium, blood flow increased linearly a s the aortic blood oxygen content decreased. The slopes of the regression lines were similar for each region of ventricular myocardium. Atrial myocardial blood flow also increased a s a linear function of the reductions in aortic blood oxygen content, but a t a slower rate than in the ventricular regions. Hypoxemia was associated with increased oxygen delivery in each region of myocardium, but the two variables were not related in a linear or quadratic fashion. The results demonstrate that isolated hypoxemia is associated with increased blood flow and oxygen delivery in the free walls and papillary muscles of the right and left ventricles, the ventricular septum, and the atria.
Several reports have demonstrated that newborn humans may develop regional or global myocardial dysfunction in conjunction with severe birth asphyxia (6, 7, 33) . Subendocardial and/ or papillary muscle ischemia appears to be the basis for the myocardial dysfunction (4, 12, 30, 33) . While coronary stenoses are present in most adults who develop myocardial ischemia, there has been no evidence of coronary stenoses in asphyxiated newborns who have expired after developing severe myocardial dysfunction (4, 12, 30, 33) . Consequently, the factor(s) that produce myocardial ischemia during birth asphyxia remain to be determined (33) .
Several investigators have suggested that the myocardial ischemia of birth asphyxia may be the result of the simultaneous occurrence of hypoxemia, with or without additional stresses such as hypoglycemia (4, 2 1, 30) . In contrast, our recent work in unanesthetized fetal and newborn lambs has demonstrated that blood flow to the left ventricular free wall increased during hypoxemia (I 3, 14) . Since right and/or left ventricular ischemia and dysfunction may occur in asphyxiated human newborns, the present investigation was designed to determine the relationship between hypoxemia and blood flow as well as oxygen delivery within the papillary muscles and free walls of the right and left ventricles, the ventricular septum, and the atria.
MATERIALS AND METHODS
Sllrgicul technique. Using techniques previously described, we operated on 10 Western newborn lambs 1 to 1 l days ( 5 + 2, XEMIA 603 mean k SE) after birth (13) . The weight at surgery was 6.3 * 0.5 kg. We performed a thoracotomy in the left fourth intercostal space and inserted polyvinyl catheters (inside diameter, 0.10 cm; outside diameter, 0.15 cm) into the ascending thoracic aorta through the left internal thoracic artery, and into the left atrium. Postoperative care was given as described previously (1 3).
E.~pc~ri/nrnfal proloco1.c. All the newborn lambs were conscious, ambulatory, and vigorously feeding from their ewe within 24 h after surgery. Studies were performed 72 h after surgery. At that time, we blindfolded the lambs, placed them in a nylon mesh sling, and began a continuous recording of heart rate and aortic blood pressure. After the lambs had been resting quietly for 30 min, we withdrew 0.5 ml of aortic blood for measurement of oxygen saturation, hemoglobin concentration, Po2, pH, and PC@. Immediately after obtaining the blood sample, we measured regional blood flow by injecting 15+m diameter radionuclide-labeled microspheres (Co-57, In-1 14m, Sn-1 13, Sr-85, N,,-95, or Sc-46) into the left atrium while withdrawing a reference blood sample from the ascending aorta for 2 min at 4 ml/ min. Each injection consisted of 1.5-2 x 10%icrospheres given over 30 sec. There were no changes in heart rate or blood pressure during the injections of microspheres. All of the measurements were performed using techniques that have been described previously ( I , 13, 19) .
A vented transparent polyethylene bag was then placed over the lamb's head and a gas mixture containing a reduced oxygen concentration within nitrogen was administered at a rate of 25-30 liters/min; 2-5% carbon dioxide was given as needed to prevent a compensatory reduction in Pco2 and to maintain the arterial Pcoz at 30-45 torr. We repeated the measurements of aortic blood oxygen saturation, hemoglobin concentration, Po2, pH, Pco,. and regional myocardial blood flows at the end of two separate 20-min periods of hypoxemia which were produced by the administration of environmental concentrations of 8-10% and 5-6% oxygen: in each lamb, we attempted to reduce aortic blood oxygen content by 50 and 75%, respectively. This duration of hypoxemia was used because initial experience indicated that the lambs would develop a metabolic acidemia after more than 20 min in an oxygen concentration of 5-6%. Each lamb was studied in the same order: control, 8-10% oxygen, and 5-6% oxygen. There was no recovery period in between the periods of hypoxemia. Using the above protocol, a single study was performed in each lamb. The lambs were sacrificed after the experiment was completed, and we verified correct placement of the catheters at necropsy.
Meuslrrerncnts und culcz~kutions. All values for Po2 were corrected to the body temperature of sheep, 39°C (25) . Blood oxygen content (mmol/liter) was calculated from the measurements of blood oxygen saturation and hemoglobin concentration by using the constants of 22.4 ml 02/mmol and 1.36 ml oxygen/g hemoglobin (25) . After the final measurement was made, the lamb was killed, the correct placement of each catheter was verified, and the heart and brain were removed for blood flow analysis. The heart was trimmed free of epicardial fat and great vessels, weighed (Mettler P1200). perfused with 8% formaldehyde, and divided into 12 segments. After the atria were separated from the ventricular myocardium along the atrioventricular groove, the right and left ventricular free walls were separated from the ventricular septum (16) . After separation from the chordae tendinae, the distal 3 m m of the left and right ventricular papillary muscles were removed, sectioned, grossly examined, and counted separately. Using a tissue slicer blade (A. H. Thomas 6727-C20), we then divided the right and left ventricular free walls into inner, middle, and outer segments and sectioned the ventricular septum into right, middle, and left segments. Each region of myocardium was weighed and adjusted back to its preformaldehyde perfusion weight as previously described (16) . We counted the radioactivity of each myocardial region and cerebral hemisphere separately with a sodium iodide crystal and well counter (Tracor Analytic Co., Elk Grove, IL) and a 1000-channel pulse height analyzer (Ultima 11, Norlund Corp.. Ft. Atkinson, WI). Blood flow was calculated with a computer program using least squares analysis of the spectra (I). Based on an independent measurement of counts per microsphere, we calculated that at least 400 microspheres were present in each tissue sample. This provides a statistical accuracy of + l o % (5). Adequate mixing of microspheres within the circulation was demonstrated by showing that blood flow to each cerebral hemisphere (ml/min/g of tissue) was within 10% of its pair ( 19) .
We manually withdrew 6 ml of blood from the coronary sinus of three lambs during and for 2 min after the left atrial injection of the microspheres. Because there was no greater than background radioactivity in the blood samples that were obtained during control periods and during both levels of hypoxemia, we conclude that there was no myocardial shunting of the 15+m diameter microspheres.
The mean t standard error was calculated for each variable. We performed linear regression analyses (22) for the control period and for the data obtained during hypoxemia. The slope of each regression line was tested against a slope of zero and the slopes of the two regression lines were compared with small sample t tests for parallelism (22) . Significance was placed at the P = 0.05 level. When it was necessary to compare both hypo>;-emic groups to the control values (Tables 1 and 3) , we perforwed two sets of paired t tests and used the Bonferroni adjustment to decrease the P value of significance to 0.025.
RESULTS
The control measurements (Table 1) for arterial blood gasses. hemoglobin concentration, heart rate, and mean blood pressure were similar to previous measurements in conscious newborn lambs (2, 15) . During the control period, each of the lambs had an arterial blood oxygen tension greater than 70 torr and a n oxygen saturation greater than 93%. The variability in control aortic blood oxygen contents was related almost entirely to differences in hemoglobin concentrations. Our protocol produced significant reductions in arterial Poz without any significant change in pH or Proz (Table I ). The average reduction in arterial blood oxygen content was 52% during the administration of 8-10% oxygen and 75% during 5-6% oxygen. Heart rate and hemoglobin concentration increased significantly during hypox.-emia, but there was no change in aortic mean blood pressure (Table 1) .
In agreement with a previous study, we noted regional differences in myocardial blood flow during the control period wherein left ventricular flow is greater. right ventricular flow is smaller. and ventricular septa1 flow is intermediate (16) . In the present study. blood flow within any region was not related to aortic blood oxygen content during the control period ( Figs. 1 and 2 ). During hypoxemia, there were significant linear increases in Table 2 ). As estimated by the slope of the regression lines, the magnitude of the flow increases were similar for each region of ventricular myocardium, but the slope was less steep in the atria ( Table 2) . None of the linear regression equations were improved by fitting a quadratic function. There was no significant change in the inner-to-outer ratios of blood flow in the left or right ventricular free walls during hypoxemia, but the ratio of blood flow to the right and left septa1 myocardium increased significantly (Table 3) . Oxygen delivery increased in each region of myocardium during hypoxemia, with the highest values occurring during the milder degrees of hypoxemia (Table 3) . However, aortic blood oxygen content and oxygen delivery were not significantly related in a linear or quadratic fashion in any region of the heart.
DISCUSSION
Several reports have demonstrated that myocardial dysfunction may occur in human newborns in conjunction with severe min/100 g. LV and RV, myocardium of the left and right ventricular free walls, respectively. I:O, ratio of blood flow to inner and outer myocardial layers. Sep R:L, ratio of blood flow to layers of right and left septa1 myocardium. LV pap and RV pap, papillary muscles of the respective ventricles. 8-10% Oz and 5-6% O2 indicate data obtained when the lambs were in these concentrations of environmental oxygen, respectively. t, P < 0.025, compared with control values. n = 10 for blood flow ratios and regional oxygen deliveries, except for n = 7 for LV pap and RV pap.
birth asphyxia (4, 33, 34) . The demonstration of electrocardiographic Q or ST-T wave abnormalities, increased creatine phosphokinase MB activity, and decreased myocardial uptake of thallium-201 in survivors of birth asphyxia suggests an ischemic basis for the myocardial dysfunction (4, 12, 28, 34) . Further support for this concept was found in the demonstration of subendocardial or papillary muscle infarction in either ventricle in newborns who did not survive birth asphyxia (4, 9, 33, 39) . Ischemia has been strongly implicated in the pathophysiology of the myocardial dysfunction of birth asphyxia yet necropsy evidence has demonstrated normal patency of the coronary arteries (6, 9, 21, 33, 37) .
Some investigators have suggested that the myocardial ischemia of birth asphyxia may be the result of the simultaneously occuring hypoxemia, with or without additional stresses such as hypoglycemia (4, 21, 30) . In contrast, several pieces of experimental evidence suggest that hypoxemia alone does not cause left ventricular myocardial ischemia, hypoxia, or dysfunction in vivo. Hypoxemia is associated with increased myocardial blood flow and no change in oxygen consumption in the left ventricular free wall in fetal lambs (14) . Furthermore, blood flow and oxygen consumption in the left ventricular free wall increased during hypoxemia in newborn lambs (1 3, 24) . Similarly, left ventricular myocardial blood flow increased and myocardial oxygen consumption was not diminished during isolated hypoxemia in adult humans and dogs (17, 18) . Although it is not possible currently to measure oxygen consumption in each region of the heart, the present study demonstrates that decreases in Po2 as low as 12-15 torr are associated with increases in blood flows and oxygen deliveries in the right and left ventricular papillary muscles as well as in the right and left ventricular free walls in lambs. In theory, it would be anticipated that more severe degrees of hypoxemia could exhaust the coronary vasodilator reserve capacity and produce subendocardial ischemia due to an imbalance between oxygen supply and demand. However, more severe degrees of isolated hypoxemia are not sustained as isolated phenomena in vivo. A metabolic acidemia occurs quickly, which appears to be related to the severe reductions in blood flow to the gastrointestinal tract, kidneys, and carcass (38) . As the complicating acidemia has its own depressant effects on myocardial blood flow and function, it is apparent that unless there is significant species variability, hypoxemia alone is unlikely to be the cause of the subendocardial or papillary muscle ischemia and the resultant myocardial dysfunction that may occur in conjunction with severe birth asphyxia.
It has been suggested that the myocardial ischemia of birth asphyxia may be related to an increase in cardiac work which occurs during hypoxemia pulmonary vasoconstriction (30, 34) . This could account for the greater frequency of right ventricular ischemia but it is unlikely to account for the occurrence of left ventricular ischemia. It may be noteworthy that the degree of pulmonary vasoconstriction produced with the model used in this study is considerably less than that which can occur during birth asphyxia (4, 38) .
The increases in regional myocardial oxygen deliveries in this study (Table 3 ) and in left ventricular myocardial oxygen con-. sumption in previous studies (13, 24) during moderate hypoxemia in newborn lambs are intriguing. If the increases in regional myocardial blood flows during hypoxemia had occurred solely in order to maintain myocardial oxygen consumption, then we would not have expected regional myocardial deliveries and left ventricular myocardial oxygen consumption to increase beyond control levels. We did not measure left or right ventricular work in this study, but information from previous studies suggests that at least some of the increases in oxygen deliveries and consumptions may have resulted from simultaneous increases in left and right ventricular work (32, 38) . However, left ventricular myocardial oxygen consumption increased during hypoxemia in lambs even when cardiac work was kept constant (24). Lee et al. (24) have suggested that another possible reason for the increases in regional oxygen deliveries/consumption may be a shift toward the use of less efficient myocardial metabolic pathways. This could be mediated by the oxygen wasting effect of an increase in circulating catecholamine concentrations; this appears to induce lipolysis, thereby resulting in increased arterial free fatty acid concentration as well as increased myocardial oxygen and free fatty acid consumption (23, 26, 27, 39) . Although these mechanisms have been demonstrated only in mature subjects, significant increases in arterial concentrations of free fatty acids and catecholamines have been demonstrated during hypoxemia in lambs (8, 20, 31) .
Available information has demonstrated that coronary blood flow is closely related to aortic blood oxygen content during hypoxemia in fetuses, newborns, and adults of several species but the mechanism(s) have not been determined (1 3, 14, 17, 18, 24, 29) . Some potential mediators of increased myocardial blood flow during hypoxemia include oxygen itself, the sympathetic nervous system, and adenosine. The demonstration of increased myocardial blood flow during hypoxemia in the presence of P blockade in lambs suggests that increased sympathetic tone is not a major mediator (24) . Adenosine is a potent coronary vasodilator in newborn lambs and adult dogs, but the role of adenosine as the mediator of hypoxemic coronary vasodilation remains controversial (3, 10, 1 l, 35, 36) . It is possible that oxygen availability mediates the coronary vasodilation directly. Further investigation will be necessary to determine the mediator(s) of hypoxemic coronary vasodilation.
